We developed a compact, fast, hand-held hyperspectral imaging system for 2D neural network-based visualization of skin chromophores and blood oxygenation. Here, we present results of the system tests on healthy volunteers.
Introduction
Methods of in vivo skin chromophore assessment and blood oxygen measurements have a long history. 1 Conventional techniques utilize measurements at several wavelengths in the visible and NIR ranges (usually 2-4 wavelengths) or color sensors rather than real spectral measurements. 2, 3 However, to our knowledge, no portable, compact, lightweight, hand-held and robust hyperspectral devices capable of skin chromophore content analysis (2D mapping), skin perfusion and monitoring of blood oxygenation at the same time have been presented up to date. Spectral images of skin and other tissues contain information about the spatial distribution and concentrations of biological chromophores, such as hemoglobin (oxy-/deoxy), melanin, bilirubin, and carotene. 4, 5 The combination of a fast and compact hyperspectral camera with a broadband light illumination and neural network-based processing allows for multiparameter estimation of tissue properties. Potential applications of the proposed technique are of high social impact and include monitoring and diagnostics of diabetic ulcer formation, 6 rheumatic complications, 7, 8 diagnoses of melanoma and other malignancies, 9 quantitative skin screening, 10 wound healing control, 11 assistance and support of laser surgical and treatment procedures 12 and others.
Thus, the aim of the present study is the development of a new approach to hyperspectral imaging for quantitative diagnostics and characterization of skin including 2D mapping of skin chromophore (hemoglobin, melanin) distribution, kinetics of blood oxygenation maps and evaluation of skin perfusion.
Methods and Materials
In this study, two-dimensional spatially resolved diffuse reflectance of human skin was acquired with a compact hand-held hyperspectral snapshot camera, thus avoiding spatial scanning. The camera implements a micro FabryPerot interferometer and has the spectral resolution of 6-10 nm (FWHM) in the spectral range of 500-900 nm. A laboratory-build broadband illumination unit is based on a fiber-optic ring illuminator providing uniform distribution of light intensity in the camera focal plane and utilizes a 50W halogen lamp as a source. Photo and the schematics of the developed device are presented in Fig.1 . Diffuse reflectance of the skin was measured with the spectral step of 2 nm from the area of 5x5 cm (1010x1010 pixels).
To solve the inverse problem of estimation of both skin chromophore content and the values of blood oxygenation, an approach based on the neural network has been chosen. A training set of spectra for the neural network was modelled by the Monte Carlo method. A CUDA-based Monte-Carlo distributed computing platform was used for routine simulation of diffuse reflectance spectra of skin, as well as their variations associated with possible physiological changes in the human skin. 13 The differences in the spatial distribution of blood, melanin, oxygen saturation of blood, hematocrit, water content within the skin, as well as the numerical aperture and the angle of the detector positioning on the skin surface were taken into account. To model the diffuse reflectance spectra, a sevenlayer model of skin was used.
14 The main parameters of the model are presented in Table 1 . In the table, parameters K b , S, K mel , K epi were varied to model all the possible combinations of the parameters. For this purpose, the coefficient of the blood volume fraction K b was varied in a range of 0-3 with a step of 0.1. The blood oxygen saturation S was varied in a range of 20-100% with a step of 1%. The coefficient of melanin fraction K mel was varied in a range of 0-9 with a step of 1. 15 And the coefficient of epidermis thickness was varied in a range of 1-3 with a step of 1. The total training set had 45198 spectra in the range of 505-800 nm with a step of 5 nm. Fig.1 . Photo and schematic design of the developed prototype of hyperspectral imaging system. 1 -lens hood (spacer); 2 -ring-polarizer for illumination; 3 -fiber illumination unit; 4 -camera polarizer; 5 -build in diffuse reflectance standard.
In the considered model, the absorption coefficient of each layer takes into account the concentration of blood C blood in various vascular beds, oxygen saturation S, water content C H2O , melanin fraction C mel and are defined as: 
Here, The Matlab neural network fitting tool was chosen to build and train 4 neural networks for retrieval of each of the parameters (K b , S, K mel , K epi ). Analysis of the obtained training set of spectra allowed selecting the most prospective wavelength ranges for the fitting. In the proposed approach, the blood volume fraction coefficient K b is retrieved in the spectral range of 510-630 nm, the blood oxygen saturation S is retrieved in the spectral range of 660-800 nm, the coefficient of melanin fraction K mel is retrieved in the range of 660-720 nm, the epidermis thickness coefficient K epi is retrieved in the spectral range of 680-800 nm. 18 Before the neural network training procedure, the vectors of the corresponding spectral subranges for every assessed parameter were normalized. Preprocessing of the measurement data consists of the spatial averaging of the input hyperspectral cube in a 5x5 pixel window. After the averaging, the corresponding data vectors used for assessing the parameters (K b , S, K mel , K epi ) are normalized. The developed hyperspectral imaging system was used to perform trial measurements and the occlusion tests with healthy volunteers. Finally, two-dimensional maps of the blood volume fraction, the blood oxygen saturation and the melanin content of the skin were obtained.
Result and Discussion
Typical images of the blood volume fraction distribution during occlusion of the middle finger are presented in Fig.  2 . After the assessment of K b parameter, an average blood volume level was calculated for the analyzed skin layers. Typical images of blood oxygen saturation distribution during the same experiment are presented in Fig. 3 Thus, the developed hyperspectral system has shown the ability to sense the alterations of blood and melanin content in skin as well as blood oxygen saturation. The implementation of the neural network-based processing allows for fast recovery of the considered skin parameters. The mean processing time of one hyperspectral measurement including calculation of 2D distributions of the above-mentioned skin parameters on an Intel Core i7 computer with 16 Gb RAM requires approximately 40 s.
Conclusion
A compact, fast, hand-held hyperspectral imaging system for 2D neural network-based visualisation of blood volume fraction, saturation and melanin fraction distribution in the skin was developed. The system was used to perform the trial measurements and occlusion tests with healthy volunteers. As a result, the two-dimensional maps of blood volume fraction, blood oxygen saturation and melanin content of skin were obtained. The developed technique has potential applications in monitoring and diagnostics of diabetic ulcer formation and other relevant skin diseases along with cosmetological defects.
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